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In this present study, a novel material made up of p-benzoquinone (BQ) immobilized on a new composite
of cellulose acetate and mixed metal oxides (CA/TiO2/Sb2O5) was applied to the electrocatalytic oxidation
of ascorbic acid (H2AA). The material was prepared by a phase inversion process and characterized by
several techniques including scanning electronic microscopy coupled with energy dispersive spectros-
copy (SEM–EDS), X-ray photoelectron spectroscopy (XPS), and X-ray ﬂuorescence. Ti and Sb mapping
proﬁles on the surface showed a homogeneous distribution of the matrices. Ti2p and Sb3d doublet indicate
that the formation of TiO2 and Sb2O5 is the presumed responsible for the good rigidity of the polymeric
matrix. A carbon paste electrode of this material was used to study the electrocatalytic oxidation of ascor-
bic acid by cyclic voltammetric, chronoamperometric and differential pulse techniques. The electrode had
a quick response time, showing great potential to be utilized as an electrochemical sensor for the deter-
mination of ascorbic acid in commercial samples.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Supported mixed metal oxides on bio-based materials appear as
an interesting alternativemethod for the immobilization of electro-
active catalysts, since it may combine the advantages of mixed oxi-
des with those of environment-friendly natural biopolymers [1].
In particular, the combination of a metal oxide with a natural
biopolymer may offer several advantages, such as improved
mechanical strength, high chemical and thermal stability, high io-
nic conductivity and strong surface acidity of metal oxides from
renewable sources, not depending on petroleum sources, biode-
gradable, good biocompatibility, chemical inertness, relatively
low cost, thermal stability and easy processing of cellulose and
its derivatives [1–10]. Moreover, an additional advantage is re-
ferred to the method of preparation which allows obtaining a
material in which the components are highly and homogeneously
dispersed in biopolymeric matrix, which, by its turn, can be easily
molded into different forms, such as membranes, ﬁbers and
spheres. These modiﬁed materials are normally made by mixing
the cellulose acetate (CA) and metal alkoxide solutions followed
by a phase inversion process [11,12].
So far, a number of papers have been published on cellulose ace-
tate–metal oxides (CA/MxOy) hybrids or composites [13–41]. CA/Mx-ll rights reserved.
x: +55 51 3308 7304.Oy hybrids or composites materials have been used in relevant
applications, including various combinations of cellulose acetate
with metal oxides such as ZnO, Cu2O, Al2O3, TiO2, ZrO2, and Nb2O5,
in ion exchange process [12–14], adsorption processes [15–19], ki-
netic studies [20], photocatalysis [21–25], as substrates for enzyme
immobilization [26–30], as semi-permeablemembranes [31], ultra-
ﬁltration process [32,33], biological process [34], proton conductors
batteries [35], and in the immobilization of electroactive species,
aiming to prepare modiﬁed electrodes [36–41].
However, in the ﬁeld of electroanalysis, the use of chemically
modiﬁed electrodes (CMEs) based in cellulose acetate–metal oxide
composite materials as solid supports has received little attention
when comparedwith others inorganic supportmaterials such as sil-
ica gel, sol–gel and zeolites [42–51]. This can be attributed to the
inherent disadvantages of bio-basedmaterials such as the relatively
low tensile resistance, hydrophilicity, high swellability, lower soft-
ening temperature and poor solubility in common solvents, which
have limited their wider applications [52–54]. To overcome such
drawbacks, the controlled physical and/or chemical modiﬁcation
of the cellulose acetate structure isnecessary.Accordingly, inorganic
polymeric materials with chemical and thermal stability may be
substituted by less expensive andmore versatile composite materi-
als based on cellulose acetate–metal oxide supports.
The unique combination of the metal oxide particulates dis-
persed inside and outside of an inert biopolymer material appears
interesting for the preparation of chemically modiﬁed electrodes
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sion process can provide amorphous porous mixed oxides such as
TiO2/Sb2O5, in which the TiO2 is dispersed throughout the bulk
while the Sb2O5 covers only the matrix surface as a monolayer ﬁlm
prepared by a grafting technique [55]. The structural characteris-
tics of the mixed metal oxide can differ greatly from those of the
pure oxides. The high density of Brönsted and Lewis acid sites on
these binary oxide surfaces allow preparing a series of electro-
chemical sensors and biosensors whose main characteristics are
improved selectivity and sensitivity [56].
On the basis of the characteristics mentioned above, our re-
search group has devised a new composite which can be used as
an electrode material whose electrochemical behavior and electro-
analytical performance are discussed hereinafter. The new CA/
TiO2/Sb2O5 composite material combines both the favorable con-
ductivity and ion the exchange properties of mixed metal oxides
with the attractive advantages of cellulose acetate processing, thus
becoming a new type of promising material for electrodes. In addi-
tion, this composite material was modiﬁed with p-benzoquinone
(BQ) and, subsequently, the CA/TiO2/Sb2O5/BQ modiﬁed electrode
was used in the electrocatalysis and determination of ascorbic acid
(H2AA) in aqueous buffer solution by cyclic voltammetry, ampero-
metric detection and differential pulse voltammetry.2. Experimental
2.1. Chemical and solutions
All chemicals were of analytical grade and used without addi-
tional puriﬁcation. Graphite powder (99.9%) and mineral oil were
purchased form Aldrich, Milwaukee-USA. BrittonRobinson
(BR) (acetic, phosphoric, boric acids) were acquired form Sigma,
St. Louis, USA. Titanium terc-butoxide, Ti[OC(CH3)3]4, antimony
pentachloride, SbCl5 99% and p-benzoquinone, C6H4(@O)2 98%
were obtained from Merck. The solutions were prepared by using
deionized water and the pH values of the buffer solution were
determined with a Mettler Toledo pHmeter FE20. Working stan-
dard solutions were freshly prepared by appropriate dilution of
the stock solutions with deionized water.
2.2. Modiﬁcation of the CA/TiO2 composite
The CA/TiO2 composite was prepared by phase inversion meth-
od whose procedures are described elsewhere [1,38,39,57].
About 10 g of CA/TiO2 composite content 15.6 wt.%
(1.7 mmol g1) TiO2 incorporated in the cellulose acetate matrix
were immersed in 300 mL of an acidic aqueous solution and 0.5 g
(0.0016 mol) of SbCl5. The mixture was stirred at 298 K for 3 h.
The solid was ﬁltered, washed with 1.0 mol L1 HNO3 solution in
order to avoid Sb5+ hydrolysis and to eliminate chloride ions, and
ﬁnally washed with deionized water until the washing solution
achieved a pH 6.0. The sample obtained was designated as CA/
TiO2/Sb2O5.
2.3. Immobilization of p-benzoquinone on CA/TiO2/Sb2O5
Aqueous solution of the p-benzoquinone, BQ, (Aldrich) was pre-
pared in a concentration of 1.0  103 mol L1 dissolved in isopro-
panol. An amount of 0.5 g of CA/TiO2/Sb2O5 was added to 10 mL of
BQ solution. The mixture was shaken for 30 min and the resulting
solid was ﬁltered, washed several times with bidistilled water and
dried in an oven for 30 min at 60 C. The material will hereafter be
designated as CA/TiO2/Sb2O5/BQ.
The quantify of the p-benzoquinone mediator immobilized on
the CA/TiO2/Sb2O5 surface was determined by ultraviolet spectrausing a Shimadzu – UV1601PC spectrophotometer. Absorbance
measurements were made at the maximum wavelength of CR at
294 nm.2.4. EDS analysis
The EDS image was obtained for CA/TiO2/Sb2O5 material dis-
persed on a conductive double-sided tape on an aluminum support
and coated with a thin carbon ﬁlm using a Baltec SCD 050 Sputter
Coater apparatus. The micrograph was obtained using a Jeol Scan-
ning Electron Microscope, model JSM 5800, connected to a second-
ary electron detector and X-ray energy dispersive spectrometer
(EDS) for elemental mapping in a Noran Instrument. The image
was obtained with a magniﬁcation of 1000.2.5. X-ray ﬂuorescence
The amount of TiO2 and Sb2O5 immobilized in the cellulose ace-
tate matrix was determined by X-ray ﬂuorescence using a Spec-
trace model 5100, EDXRF spectrometer.2.6. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed in an
Omicron-SPHERA station using Al Ka radiation (1486.6 eV). The
anode was operated at 225W (15 kV, 15 mA). Survey spectra were
recorded with a 50 eV pass energy. The Sb 3d and Ti 2p regions
were recorded with a higher resolution (pass energy of 20 eV).
The detection angle of the photoelectrons (H) with respect to the
sample surface (take-off angle) was ﬁxed at 53 for all measure-
ments. The C 1s signal from adventitious carbon at 285 eV was
used as an internal energy reference. All spectra were ﬁtted assum-
ing a Shirley background. Lines were ﬁtted by 70% Gaussian + 30%
Lorentzian functions with set values of full width at half maximum
for each line.2.7. Electrode preparation and electrochemical measurements
The carbon paste electrode was prepared by mixing 20 mg of
the material CA/TiO2/Sb2O5/BQ with 20 mg of analytical grade
graphite (Aldrich, 99.9%) and a drop of liquid parafﬁn as a binder.
This paste was placed in a 1-mm-deep cavity, in contact with a
5 mm internal diameter platinum disk which is fused to a glass
tube. The carbon paste electrodes made with the CA/TiO2/Sb2O5/
BQ material were used as working electrodes, a platinum wire
served as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. The studies were carried out in
BrittonRobinson (BR) universal buffer aqueous solution pre-
pared with equimolar amounts (0.4 mol/L) of acetic, phosphoric,
boric acids at constant ionic strength (1.0 mol/L KCl) adjusted to
the required pH with 0.2 mol/L NaOH or HCl solution. All experi-
ments were conducted at room temperature (25 ± 2 C). Nitrogen
gas was bubbled through the electrolyte solution before the elec-
trochemical measurements, and a gentle gas ﬂow was kept above
electrolyte surface during the experiment. The ascorbic acid solu-
tion was freshly prepared before using it.
Cyclic voltammetry studies were carried out in an Ivium Stat
electrochemical analyzer (serial number A08044) under computer
control. The electrocatalytic oxidation of H2AA by the CA/TiO2/
Sb2O5/BQ carbon paste electrode was investigated by cyclic vol-
tammetry (CV), pulse differential (DP) and amperometric detection
(AD) techniques, adding freshly prepared ascorbic acid solutions
into the electrochemical cell containing 20 mL of the buffer
solution.
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3.1. Characteristics of the material
The combination of mixed metal oxides with bio-based materi-
als like these cellulose derivatives is an interesting alternative that
can generate new and versatile catalytic supports for efﬁcient
immobilization of electroactive catalysts. The CA/TiO2/Sb2O5 and
CA/TiO2/Sb2O5/BQ materials were characterized by using SEM,
EDS and XPS techniques.
The Fig. 1 shows the SEM and EDS images obtained for the CA/
TiO2/Sb2O5 material. The scanning electron microscopy (SEM)
micrographs of CA/TiO2/Sb2O5 presented in Fig. 1A, within the
established magniﬁcation, show that there are no distinguishable
separated phases and agglomerated titanium and antimony parti-
cles were not detected. However, the material shows regions with
several cavities due to degradation caused by acid attack. More-
over, when the SbCl5 was incorporated in the CATiO2, formation
of a dense layer of hydrated oxide generated by hydrolysis is ob-
served. The elemental EDS analysis presented in Fig. 1B and C
shows high titanium and antimony content over the cellulose ace-
tate surface, respectively. The Ti/Sb percent composition found was
15.6%TiO2 and 3.0%Sb2O5. From the energy dispersive image
(Fig. 1B) it was possible to observe that the titanium and antimony
dispersion was very uniform. The bright points observed in Fig. 1B
and C is due to the titanium (Ti Ka = 4.5 keV) and antimony atoms
(Sb La = 3.6 keV). At the chosen magniﬁcation, the EDS image isFig. 1. Scanning electron micrographs of CA/TiO2/Sb2O5 (A), and the correspondinindicating that the metals are homogeneously dispersed over the
cellulose acetate ﬁber.
Fig. 2A shows the XPS spectrum of the Sb 3d region obtained
from the CA/TiO2/Sb2O5 material. The Sb 3d doublet was simulated
by two lines with a branching ratio 3d5/2/3d3/2 of 1.5 (the statistical
ratio) and a spin-orbit splitting of 9.5 eV. The Sb 3d5/2 line has a
binding energy (BE) of 530.5 eV, which corresponds to Sb in a
Sb2O5 oxide. Ti chemical environment was probed by analyzing
the Ti 2p region. The BE of the Ti 2p3/2 line (Fig. 2B) is 458.5 eV,
which corresponds to TiO2.
The dispersion of the TiO2 throughout the bulk of cellulose ace-
tate and the incorporation of Sb2O5 on the matrix surface can be
described according to the following proposed reaction based on
the titanium antimonate phase formation.
nCAOHþ Ti½OCðCH3Þ34 ! ðCAOÞnTi½OCðCH3Þ34n
þ nC4H9OH ð1Þ
ðCAOÞnTi½OCðCH3Þ34n þ ð4 nÞH2O
! ðCAOÞnTiðOHÞ4n þ ð4 nÞC4H9OH ð2Þ
nCAO=TiOHþ ðHOÞnSbðOHÞ5n
! ðCAO=TiOÞnSbðOHÞ5n þ nH2O ð3Þ
The contents of TiO2 and Sb2O5 incorporated in the cellulose
acetate matrix were determined to be 15.6 wt.% and 3.0 wt.%,
respectively, using X-ray ﬂuorescence. This matrix, CA/TiO2/g energy dispersive scanning images (EDS) of titanium (B) and antimony (C).
Fig. 2. (A) Sb 3d region of the XPS spectra of CA/TiO2/Sb2O5 material. Points
represent experimental data. Solid curves correspond to background, ﬁtting
components, and their sum; (B) Ti 2p region of the XPS spectra of CA/TiO2/Sb2O5
material.
Fig. 3. Cyclic voltammograms of the CA/TiO2/Sb2O5 electrode (A) and of the CA/TiO2/Sb2O
buffer solution, at pH 7.0. Inserted ﬁgure shows chemical stability of CA/TiO2/Sb2O5/BQ
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molecule is a ring of six carbons, non-aromatic, corresponding to
the oxidized form of hydroquinone which presents reversible re-
dox properties, involving two protons and two electrons. The redox
process occurs in the carbonyl groups in the positions 1 and 4 of
the BQ structure as showed by the following expression:
The amount of mediator immobilized on the CA/TiO2/Sb2O5 sur-
face was calculated by applying the equation:
q ¼ ðC0  CeÞ
m
 V ð4Þ
where q is the amount of p-benzoquinone mediator immobilized on
the CA/TiO2/Sb2O5 surface (mg g1); C0 is the initial BQ concentra-
tion put in contact with the CA/TiO2/Sb2O5 material (mg L1), Ce is
the BQ concentration (mg L1) after the stirring process, m is the
mass of CA/TiO2/Sb2O5 material (g) and V is the volume of mediator
put in contact with the CA/TiO2/Sb2O5 material. The amounts of p-
benzoquinone adsorbed onto (CAO/TiO)nSb(OH)2 were determined
by ultraviolet spectra, resulting in 21.6 ± 0.4 mg g1.
The immobilization of p-benzoquinone molecule on CA/TiO2/
Sb2O5 surfaces should occur by an ion exchange reaction, repre-
sented in a simpliﬁed manner by the following reaction:
ðCAO=TiOÞnSbðOHÞ2 þ BQþox ! ðCAO=TiOÞnSbOBQþox þ 2Hþ ð5Þ3.2. Electrochemical behavior of the CA/TiO2/Sb2O5/BQ composite
electrode
Fig. 3 shows the cyclic voltammograms obtained using a carbon
paste electrode modiﬁed with the matrix CA/TiO2/Sb2O5 in the
Britton–Robinson buffer solution (pH 7.0) at a scan rate of
20 mV s1 (A) without and (B) with p-benzoquinone adsorbed on
its surface. The voltammogram recorded with the unmodiﬁed elec-
trode revealed a low background current and no peak in the scan-
ning potential range (0.4 and 0.7 V versus SCE), indicating no
redox process at the electrode surface. However, using a carbon
paste electrode modiﬁed with CA/TiO2/Sb2O5/BQ, an enhancement5/BQ modiﬁed electrode (B) in scan rate at 20 mV s1, 1.0 mol L1 Britton–Robinson
electrode under various redox cycles.
Fig. 4. Cyclic voltammograms obtained at different scan rates (2, 5, 8, 10, 20, 30, 40, and 50 mV s1), in 1.0 mol L1 Britton–Robinson buffer solution, at pH 7.0. Inserted ﬁgure
shows the plot of the cathodic and anodic peak currents, Ipc and Ipa, versus scan rate, m.
Fig. 5. Plot of the solution pH against Em and Ipa. Measurements in 1.0 mol L1
Britton–Robinson buffer solution, v = 20 mV s1, at pH 7.0.
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currents, is observed, reﬂecting an electrochemically active redox
couple. The formal midpoint potential, E0
0
(E0
0
= Epa + Epc)/2 where
Epa is the anodic peak potential of 234 mV and Epc is the cathodic
peak potential of 128 mV, respectively, was 180.5 mV for CA/
TiO2/Sb2O5/BQ. This behavior suggests that the interaction be-
tween the oxidized form of BQ and the matrix CA/TiO2/Sb2O5 is
stronger than the one observed for the reduced form. A possible
explanation for this behavior can be attributed to electrostatic
attractions involving oxygen atoms present in the p-benzoquinone
molecules with metal oxides dispersed over the cellulose acetate
ﬁber. Based on the charge under the voltammetric peaks, consider-
ing that the geometric area of the electrode is 0.28 cm2 and assum-
ing that two electrons were involved in the redox process, a surface
coverage of approximately 7.95  109 mol cm2 was estimated.
Also, the experimental results show that the peak-to-peak separa-
tion (DEp = Epa  Epc = 98 mV) is greater than the value of 59/nmV
expected for a reversible system. This result may be related to the
two-electron redox potential, with kinetic limitation. An anodic
peak current (Ipa) of 30.3 lA and cathodic peak current (Ipc) of
30.0 lA, for a [Ipa/Ipc] of 1.08, describing this system as quasi-
reversible electrochemically behavior, were also observed.
The stability of the CA/TiO2/Sb2O5/BQ electrode was checked by
successive recording of voltammograms (inserted in Fig. 3). After
100 cycles no changes were observed in the voltammetric proﬁles
of the modiﬁed electrode, indicating that the electroactive species
is bound to the surface according to the behavior described by Eq.
(5).
Fig. 4 shows typical cyclic voltammograms of the CA/TiO2/
Sb2O5/BQ electrode obtained at scan rates in the range 10–
90 mV s1. Plotting both the cathodic and the anodic peak currents
versus m, where m is the scan rate (inserted in Fig. 4), a linear cor-
relation is obtained (r = 0.99 and 0.99), as expected for the redox
species conﬁned on the electrode surface [59]. Moreover, the
peak-to-peak potential separation, DEp, was about 135 mV, which
is consistent with a quasi-reversible electronic transfer kinetic.
The electrochemical process undergone by BQ in the solution
phase is well-known [58]. The general mechanism of reduction ofquinone groups occurs by the transference of two electrons and
two protons captured in a single step, which can produce a pH
dependence and a displacement in the formal midpoint potential,
Em. The CA/TiO2/Sb2O5/BQ modiﬁed electrode response was inves-
tigated in the pH range between 3.0 and 7.0, using the Britton–
Robinson buffer as the supporting electrolyte solution (Fig. 5). This
study showed that the anodic and cathodic peak currents, Ipa and
Ipc are not affected, remaining practically constant in the investi-
gated range of pH. The formal midpoint potential, Em, of the surface
redox pair, calculated as the average of the anodic and cathodic
peak potentials, [Em = (Epa + Epc)/2] of the cyclic voltammograms
recorded at a potential scan rate of 20 mV s1 was pH-independent
in the range 4.0–7.0. For pH values lower than 4.0, the formal mid-
point potential undergoes displacements to more positive values.
This fact reveals the acidic character of the matrix, allowing the
process to be independent of the pH of the medium until pH 4.0
is reached. Below this value the matrix effect is minimized, sug-
gesting that the protection is not sufﬁcient to prevent the partici-
pation of the proton in the redox process.
Fig. 6. Cyclic voltammograms curves for the CA/TiO2/Sb2O5/BQ modiﬁed electrode
in the absence and presence of ascorbic acid for: CA/TiO2/Sb2O5 (A) and CA/TiO2/
Sb2O5/BQ (B) in the absence of the H2AA; CA/TiO2/Sb2O5/BQ (C) in the presence of
8.50  105 mol L1 ascorbic acid. Measurements in 1.0 mol L1 Britton–Robinson
buffer solution, v = 20 mV s1, at pH 7.0.
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presence of H2AA
The electrocatalytic peak current of ascorbic acid oxidation at
the surface of the CA/TiO2/Sb2O5/BQ modiﬁed electrode can be
used in the determination of ascorbic acid in aqueous solution.
Amperometric detection (AD), cyclic voltammetry (CV), and differ-
ential pulse voltammetry (DP) methods were used to evaluate the
electrochemical behavior and analytical performance of the CA/
TiO2/Sb2O5/BQ modiﬁed electrode as an electrochemical sensor
for ascorbic acid in the presence of four possible interfering
substrates.
Fig. 6 shows cyclic voltammetric experiments performed with
the CA/TiO2/Sb2O5/BQ modiﬁed electrode in the absence and pres-
ence of 8.50  105 mol L1 ascorbic acid in 1.0 mol L1 Britton–
Robinson buffer solution, v = 20 mV s1, at pH 7.0. Comparing thisFig. 7. (A) Amperometric detection curves obtained at the CA/TiO2/Sb2O5/BQ modiﬁed
ascorbic acid concentrations at an applied potential of 0.300 V. (B) Plots of I versus t1/2
ascorbic acid concentration. (D) Plot Icat/IL versus t1/2 derived from the data of chronoamvoltammogram to that obtained in the absence of H2AA, a drastic
enhancement of the anodic peak current is observed, conﬁrming
a very strong electrocatalytic response (C). Another conﬁrmation
of the electrocatalytic process is the non-existence of a cathodic
process, which can be viewed as a consequence of the consumption
of the oxidized form of the mediator by the substrate.
The amperometric detection technique was employed to the
investigation of electrode processes at chemically modiﬁed elec-
trodes setting the working electrode potential into the electro-
chemical cell at Epa = 0.300 V, pH 7.0 (not provided data). In the
range of ascorbic acid concentrations between 1.5  105 and
1.2  104 mol L1, the adjusted equation (inserted Figure) for
the linear response range was I/lA = (1.12 ± 0.07) + (40.1 + 0.95)
[H2AA]/mmol L1 (r = 0.996, n = 28). The achieved detection limit
(3 standard deviations of the blank divided by the slope of calibra-
tion curve) was 26 lmol L1, quantiﬁcation limit (10 standard
deviations of the blank divided by the slope of calibration curve)
was 87 lmol L1 and sensitivity 40.1 lA cm2 mmol L1.
For more information about electro-oxidation, the amperomet-
ric detection was used for the estimation of the diffusion coefﬁ-
cient of ascorbic acid in aqueous solution using the CA/TiO2/
Sb2O5/BQ modiﬁed electrode.
The diffusion-controlled current is expressed by the Cottrell
equation [59]:
j ¼ nFAD1=2Csp1=2t1=2 ð6Þ
where n is the number of electrons transferred, F is the Faraday con-
stant, A the electrode area in cm2, D is the diffusion coefﬁcient
(cm2 s1), Cs ascorbic acid bulk concentration in mol cm3, respec-
tively. Fig. 7A shows the chronoamperograms obtained in the ab-
sence and presence of four different concentrations of ascorbic acid.
As can be seen in the Fig. 7B, a plot of I versus t1/2 shows a lin-
ear relation, indicating that the electrocatalytic current observed
must be controlled by the diffusion of ascorbic acid from the bulk
solution towards the surface of the electrode causing a near Cot-
trellian behavior. A plot of the slopes of such lines versus H2AA
concentration (Fig. 7C) can be used to estimate the diffusion
coefﬁcient of ascorbic acid in the ranges of 15–60 lmol L1. Theelectrode in 1.0 mol L1 Britton–Robinson buffer solution, at pH 7.0 for different
obtained from chronoamperograms. (C) Plot of the slope of straight lines versus the
perograms of (a) and (c).
Fig. 8. (A) Cyclic voltammograms curves for the CA/TiO2/Sb2O5 (1) and CA/TiO2/
Sb2O5/BQ (2) modiﬁed electrode, in presence 5.0  105 mol L1 H2AA, 1.1  104
mol L1 DA, 5.0  105 mol L1 UA. Measurements in 1.0 mol L1 Britton–Robinson
buffer solution, v = 20 mV s1, at pH 7.0. (B) Differential pulse voltammograms
curves for the CA/TiO2/Sb2O5 (1) and CA/TiO2/Sb2O5/BQ (2) modiﬁed electrode in
presence 5.0  105 mol L1 H2AA, 1.11  104 mol L1 DA, 5.0  105 mol L1 UA
in 1.0 mol L1 Britton–Robinson buffer solution, v = 10 mV s1, amplitude 50 mV, at
pH 7.0.
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with those reported previously [60].
Also, the amperometric detection technique was employed to
evaluate the catalytic rate constant, k, for the reaction between
ascorbic acid and the CA/TiO2/Sb2O5/BQ electrode according to
the method of Galus [61]:
Icat=IL ¼ p1=2ðkCstÞ1=2 ð7Þ
where Icat and IL are the currents of the modiﬁed electrode in the
presence and absence of ascorbic acid, respectively, k is the catalyticTable 1
Comparison of the CA/TiO2/Sb2O5/BQ modiﬁed electrode with others electrodes for the de
Electrode Modiﬁed Method Linear range (l
GCE Bi2S3 nanorods Amperometry 1–1000
Au T(DBHP)P-Cu/L-cys VPD 10.2–1000
CP Graphene Amperometry 0.07
TiO2 nanotube arrays Gold NP Amperometry 1–4000
GCE Plu/ZnO-NPs Amperometry 1–360
CP SiO2/SnO2/Phosphate/MelB Amperometry 0.4–2000
SiO2/C Nb2O5 ﬁlm VPD 99–2380
DPV 0.2–0.9
Amperometry 15–120
CV 25–3800
GC, glassy carbon electrode; CP, carbon paste electrode; SiO2/C, carbon–ceramic matrix.rate constant (cm3 mol1 s1), Cs is the concentration of ascorbic
acid (mol L1) and t is the elapsed time (s). The above equation
can be used to calculate the rate constant of the catalytic process
k. Based on the slope of the Icat/IL versus t1/2 plot, the value of k
can be obtained for a given ascorbic acid concentration (Fig. 7D).
The mean value for k was found to be 2.0  104 L mol1 s1 be-
tween 15 and 60 lmol L1 concentrations of ascorbic acid. There-
fore, the observed behavior is compatible with an electrocatalytic
process for electro-oxidation of ascorbic acid at surface of the mod-
iﬁed electrode and the k value explains the sharp feature of the cat-
alytic peak observed for electro-oxidation of the CA/TiO2/Sb2O5/BQ
modiﬁed electrode [62].
The analytical performance of the CA/TiO2/Sb2O5/BQ modiﬁed
electrode were evaluated by cyclic voltammetry (CV), and differen-
tial pulse voltammetry (DP) techniques measuring successive addi-
tions of aliquots of the H2AA into the electrochemical cell kept at
Epa = 0.300 V, in 1.0 mol L1 Britton-Robinson buffer electrolyte
solution, v = 20 mV s1, pH 7.0. Cyclic voltammetric and differen-
tial pulse voltammograms scans using H2AA in the concentration
ranges of 2.50  105 mol L1 to 3.82  103 mol L1 and
2.0  107 mol L1 a 9.0  107 mol L1 (r = 0.998), respectively,
showed a highly linear response, reﬂecting the inﬂuence of the
modiﬁcation of the CA/TiO2/Sb2O5/BQ electrode with p-benzoqui-
none. The achieved detection limit (3r/slope ratio) were
2.75  103 mol L1 and 1.9  105 mol L1, the sensitivity were
14.1 lA cm2 mmol L1 and 1291.7 lA cm2 mmol L1 by CV and
DP techniques, respectively. Thus, the electrocatalytic oxidation
of H2AA can be applied to the determination of ascorbic acid.
In order to demonstrate the catalytic oxidation of ascorbic acid
in real samples using the CA/TiO2/Sb2O5/BQ electrode, an experi-
ment was performed in order to determine the ascorbic acid con-
centration in commercial pharmaceutical tablets by AD and DP
techniques. Commercial tablets were dissolved in 500.0 mL of dis-
tilled water (solution A). A 10.0 mL aliquot of this solution (A) was,
then, removed and diluted to 100 mL using bidistilled water (solu-
tion B). The pulse differential responses were obtained by adding
10.0 lL aliquots of solution B into a cell ﬁlled with 20.0 mL of a
1.0 mol L1 Britton–Robinson buffer solution at pH 7.0 under nitro-
gen. The concentration of ascorbic acid in the commercial Vitamin
C formulation, which prescribed amount is 1 g/tablet was evalu-
ated about (1.03 ± 0.03 g/tablet) and (0.995 g/tablet) by ampero-
metric detection and differential pulse voltammetry, respectively.
These values are comparable with the iodometric standard titra-
tion method [63]. The results demonstrate the satisfactory accu-
racy of the CA/TiO2/Sb2O5/BQ modiﬁed electrode and indicate
that the presence of other substances in the Vitamin C tablets, such
as citric acid, lemon ﬂavor, orange ﬂavor, sodium bicarbonate, so-
dium cyclamate and quinoline yellow, did not affect the determi-
nations [64].
In order to determine the selectivity of the CA/TiO2/Sb2O5/BQ
modiﬁed electrode in real samples containing H2AA, two possible
interfering substrates which have biological importance weretermination of H2AA.
mol L1) Detection limit (lmol L1) Sensitivity References
83 – 65
0.541 – 66
0.1–106 3,31571 (A mmol L1) 67
0.1 46.8 (lA mmol L1 cm2) 68
1 – 69
0.4 – 70
25.03 23.76 (lA mmol L1) 71
0.019 1291.7 (lA L mmol1) This work
26 40.1 (lA L mmol1)
2.8 14.0 (lA L mmol1)
A.A. Hoffmann da Rocha et al. / Journal of Electroanalytical Chemistry 690 (2013) 74–82 81investigated, such as dopamine (DA) and uric acid (UA). Fig. 8A and
B shows the CVs and DP responses of the mixture solution of H2AA,
DA and UA in the absence and presence of 5.0  105 mol L1
ascorbic acid, 1.11  104 mol L1 dopamine and 5.0  105 -
mol L1 uric acid. Fig. 8A, curve (2), shows three broad anodic
peaks at 36, 160 and 243 mV obtained by cyclic voltammetry, indi-
cating that H2AA, DA and UA, respectively, are fairly distinguish-
able at a CA/TiO2/Sb2O5/BQ modiﬁed electrode. However, in
Fig. 8B, curve (2), as can be observed, there are three well-deﬁned
oxidation anodic peaks at 9.3, 120.7 and 199.7 mV. The peak po-
tential separation values of H2AA and DA, DA and UA, obtained by
differential pulse voltammetry, were around 130 mV and 80 mV
respectively.
The performance of the CA/TiO2/Sb2O5/BQ modiﬁed electrode in
comparison with others modiﬁed electrodes for the determination
for ascorbic acid is shown in Table 1 [65–71]. These results shown
that the CA/TiO2/Sb2O5/BQ modiﬁed electrode presented good per-
formance with low detection limit and high sensitivity for the dif-
ferential pulse technique and can be applied to the selective
detection of ascorbic acid.4. Conclusion
The use of supported mixed metal oxides on bio-based materi-
als appears to be an interesting alternative method for the immo-
bilization of electroactive catalysts, since it may combine the
advantages of mixed oxides with those of environment- friendly
natural biopolymers. The use the proposed modiﬁed electrode con-
structed with particulate mixed oxides such as TiO2/Sb2O5 dis-
persed inside and outside of the cellulose acetate ﬁber led to an
increase in both sensitivity and selectivity, due to high conductiv-
ity combined with ion exchange properties of these metal oxides.
The use of CA/TiO2/Sb2O5/BQ modiﬁed electrode for determina-
tion of ascorbic acid in pharmaceutical formulations offers some
advantages when compared with other methods described in the
literature. Moreover, this CA/TiO2/Sb2O5/BQ modiﬁed electrode of-
fers many advantages, including simple and rapid preparation, low
cost of analysis and high selectivity and sensitivity. These charac-
teristics make this electrode an attractive alternative for applica-
tion in the analysis of pharmaceutical formulations.
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